A B S T R A C T The relationship between the positive inotropic and toxic effects of cardiac glycosides and their effects on intracellular ionic composition is incompletely defined. We measured intracellular potassium activity (ak), extracellular potassium activity (at), resting potential, action potential duration, and contractile force at 32°C in paired papillary muscles from feline right ventricles exposed to ouabain. Muscles used for electrophysiological measurements were quiescent except for isolated stimulation to confirm impalement and record action potential duration. Muscles used for contractile force measurements were quiescent except for 4-min periods when force was measured at a cycle length of 1,400 ms. Muscle length was adjusted to achieve 50% of maximal tension at this cycle length before each experiment. In four experiments, ai and contractile force were measured in the same muscle. a' was measured with single and double-barrel K-sensitive electrodes. At 10 nM ouabain, action potential duration is prolonged. Among the concentrations tested, the threshold for a clear positive inotropic effect is 0.1 ,uM ouabain. The threshold for decrease in ak, increase in aeK, and decrease in membrane potential is 1 ,uM, at which concentration toxic signs develop, including arrhythmias, aftercontractions, and alteration in the staircase response of contractile force to repetitive stimulation. Ouabain need not change a' to effect positive inotropy in ventricular muscle, a relationship different from that reported between [K], (intracellular potassium concentration) and positive inotropy. Higher ouabain concentrations, which others have shown to clearly inhibit active Na and K transport, are shown to upset
INTRODUCTION
Cardiac glycosides have no direct effect on the contractile proteins of the heart (1, 2), but are known to affect the sarcolemmal sodium-potassium pump. For this reason, many studies have examined the correlation of changes in intracellular ionic concentration or activity with positive inotropic and toxic effects. In studies on guinea pig atrium, Noack et al. (3) found an increase in cellular potassium at the time of positive inotropic effect, whereas Busse et al. (4) found no change in cellular potassium. Both groups observed the association of decreased cellular potassium and glycoside toxicity. In studies on sheep Purkinje fibers, Ellis (5) found no change in intracellular sodium activity at a glycoside concentration known to be positively inotropic in this tissue (6) . Using the same tissue but a different glycoside, Lee et al. (7) never observed increased contractile force without a concomitant increase in sodium activity. Thus, in neither guinea pig atrium nor sheep Purkinje fibers does a consensus exist concerning the correlation of cytoplasmic ionic changes and the positive inotropic effects of glycosides.
The primary target tissue in the clinical use of cardiac glycosides is the ventricular myocardium. Correlations of cytoplasmic ionic changes and inotropic effects have not been well defined in this tissue either. Whereas both Muller (8) and Langer and Serena (9) found that cellular potassium was always decreased at the onset of positive inotropic effect, Ruiz-Ceretti et al. (10) found a slight increase. No study exists in which intracellular potassium activity (ak)1 and contractile force are measured at the same time in paired ventricular muscles. In this study we report the results of experiments of this type. In addition to their general interest, such measurements of a' bear specifically on the controversy regarding Na-K pump stimulation or inhibition and the positive inotropic effect of glycosides. When coupled with measurements ofextracellular space potassium activity (aK), they also address the novel mechanism of positive inotropic effect advanced by Greenspan and Morad (11) involving a potassium-calcium exchange.
We used a wide range of glycoside concentrations in this study. The lowest approximate those of free drug in the plasma of patients, and have been reported to stimulate (12) or inhibit (13) Na-K pumping. The highest are frankly toxic in in vivo and unequivocally inhibit Na-, K-pump function in vitro. Thus, our temporal correlation of ak with contractile force should encompass the possibility that glycoside actions and mechanisms are multiple and concentrationdependent. In several experiments we go further and examine the temporal correlations of effects on aK and percentage of cell volume with the positive inotropic effects of glycosides.
METHODS
Cats weighing 1.5-3.0 kg were anesthetized with sodium pentobarbital, 30 mg/kg i.p. The hearts were rapidly removed and immersed in Tyrode's solution of the following composition in mM: NaCl, 135.4; KC1, 5.4; NaH2PO4, 1.8; CaCl2, 2.7; MgCl2, 0.5; NaHCO3, 18; and dextrose, 5.5. Solutions were bubbled with 95% 02-5% CO2. Bath temperature was 32+ 1°C and bath flow rate 15 ml/min.
The muscle used for measurement of contractile force was tied at both ends with 6-0 vicryl (Ethicon, Inc., Somerville, N. J.) suture. One end was tied to a Grass FTO3C (Grass Instrument Co., Quincy, Mass.) force transducer and the other end to the arm of a micromanipulator. By adjusting the micromanipulator vemier, various degrees of stretch were applied to the muscle and a length-tension curve generated at a stimulation cycle length of 1,400 ms. On the basis of this curve, the muscle was set at the length corresponding to 50% Lmax. The mean control contractile force of 21 Cell volume measurements were made using the electrophysiological method of Houser and Freeman (16) . In this method the muscle is placed in the hole of a partition separating two chambers of a bath. When constant current is passed between bath chambers, the voltage drop across the partition is inversely proportional to the fraction of the hole comprised of extracellular space. By measuring the voltage drop, V,, with the muscle absent from the hole, and of V2, with the muscle present, the percentage of cell volume is calculated as follows: [1 - .j x 100%.
[ V2] Action potential duration (APD) was measured as the time between the two points at which the action potential crosses the take-off potential.
Experimental protocol. Muscles were allowed to equilibrate for 1 h before beginning measurements. Three types of protocols were used in an attempt to compensate for particular deficiencies of each protocol when used alone. In 40 experiments, separate muscles were used for measurements of a!k or contractile force. In 29 of these experiments both ak and contractile force were measured in muscle pairs taken from the same right ventricle. Both muscles were placed in the same tissue bath for the paired-muscle experiments. In these experiments, control measurements of a!K and contractile force were made and then solutions were switched to the ones containing ouabain 1 nM-10 ,uM (Sigma Chemical Co., St. Louis, Mo.). At The first two protocols involve multiple impalements of different cells at different times during ouabain exposure. The advantage is that measurements are made over time spans of a few seconds so that the drifts in junction potentials at both grounds and in offset potentials across high resistance electrodes are insignificant. However, as has been documented before (Table I, [17] ) there is significant variation in intracellular activity measurements from the different cells of a single muscle. Ladle and Walker (17) reported a mean "among impalements" SD of 8.7 mM for ak measurements in sinus venous (four to six pairs of impalements/ muscle, nine muscles). In three muscles for which we obtained four pairs of impalements, we found a comparable figure of 8.7 mM for ak measurements. This degree of variation is compounded by the wide variation in oi between muscles (18) , so that pooling data from several impalements and muscles is too insensitive a method to detect the small ak changes one might anticipate during exposure to low concentrations of ouabain.
For this reason we performed a third set of experiments in which ak or a[ was measured continuously, in a single cell, throughout the control period and periods of ouabain exposure. As previously mentioned, K-sensitive electrodes used in this setting can detect changes in [K] of 1.5 mM (equal to changes in aK of 1.1 mM). Thus, these experiments are sufficiently sensitive to detect changes in aK and ce of magnitudes equal to those changes in aka, previously reported for Purkinje fibers during glycoside exposure (19) . The compensatory disadvantages of this protocol are twofold: (a) a double barrel K-sensitive electrode must be used, and these cause some cell damage and lowering of ak measurements due to their larger tips; (b) the drifts in reference and offset potentials occurring over the course of several hours require correction based on assumptions regarding drift rate. In our experiments the measured total drift over the course of the experiment was divided by the time to yield a drift rate that was assumed to be constant throughout the experiment.
The use of aK and ae as indices of Na-K pump stimulation and inhibition. Wlhen there is a significant diffusion barrier between the extracellular space of cardiac preparations and the surrounding bath, aeK is a good indicator of transient changes in Na-K pump rate. This was first shown, indirectly, by Cohen et al. (20) by measuring reversal potentials for iK. in sheep Purkinje fibers exposed to ouabain, and later, directly with potassium-sensitive electrodes in rabbit atrium by Kunze (14) , and in cat ventricle by Browning and Strauss (21) . The relationship of aK to Na-K pump rate is not direct, in that other variables must be measured in order to draw a conclusion. For instance, pump rate could increase and yet ai not change if cell volume increased or if the net influx of potassium were bound or sequestered in intracellular organelles. In this study we show that ouabain does not change cell volume, but we make no cellular potassium content measurements. Therefore, where the data on aceK have direct implications to changes in Na-K pump rate, the data on aK do not. The proper interpretation of the ak data requires drawing on the evidence of aeK measurements and on other studies in which cellular potassium content was measured (8) .
Statistical analysis. Errors are expressed as SEM. Student's t test for paired data is used in tests of significance.
RESULTS
Correlation of atK and positive inotropic effects. In Fig. 2 representative records are shown for a pair of muscles exposed to 0.1 ,M ouabain. Fig. 2A developed after 60 min exposure (Fig. 3) , measurements of contractile force and aK at this time were compared to control values. Whereas contractile force had increased significantly (P < 0.01), aK at the two times did not differ significantly. The measurements shown in Fig. 4 were obtained by taking means of multiple impalement of different cells by separate reference and K-sensitive electrodes. Because cell-to-cell inhomogeneities can exist within a preparation (21) , an important complementary experiment is to maintain an impalement of a single cell with a double-barrel electrode before and during a treatment change. Such an experiment is illustrated in Fig. 5 together with the contractile force measurements from the paired muscle. The muscle had already been exposed to 10 nM and 0.1 ,M ouabain previous to the recordings illustrated, without any change in anK. Over the period of time shown in the figure, the superfusate was switched from one containing 0.1 u.M to one containing 1 ,tM ouabain. During the first 30 min of exposure to the higher concentration, the contractile force has clearly increased, but neither the reference barrel recording (Vm), nor the potassium barrel recording (VK) has changed, indicating no change in aj(. This reflects the result shown in the pooled measurements of a' in Fig. 4 Table I . They show no effect of 4 min of stimulation at a cycle length of 1,400 ms or of stretching the muscle to the point at which it develops 50% of its maximal steady state force on the aiK measurements. These results do not rule out the possibility that M4K was different from the control value at the 4th min of stimulation but rapidly recovered before our measurements could detect the change. With this proviso, the results confirm that a positive inotropic effect of ouabain can be seen in the absence of change in ak.
Signs of toxicity and correlation with ouabain effects on aK. Evidence of glycoside intoxication was seen at ouabain concentrations of 0.1, 1, and 10 uM. At 0.1 and 1 ,uM, the sequential development of toxic signs was slow enough to be examined and correlated with changes in aK. Table TI lists the temporal development of toxic signs at these two concentrations. The only toxic sign seen at 0.1 uM ouabain is triggered automaticity. At this concentration no change in aK was noted (Fig. 4) . Fig. 6 illustrates that development of triggered automaticity occurred before aK has changed. Similarly, at 1 ,uM ouabain, Table II shows that triggered automaticity develops at 30 min exposure which, as comparison with Fig. 4 acmple is showni in Fig. 7 Table II refers to thisimonotoinic decrease in force.
A comiiparison of its timlle of oInset with tiimie of oinset of effects on ak shows (Fig. 4 ) the toxic staircase responise dicl not occur before (lecreases in ak. The appearance of a toxic staircase regularlv-correlates with the developimieint of aftercointractionis (AC) to shiort traiins of rapi(d stimltulatioin. Fig. 8B shows an examiiple in which AC are elicited at the time of first appearanice of the toxic staircase. The samiie result was seeIn in eaclh of three preparationis for which AC were checke(l. (24) . Fig. 9 shows the meassurements of resting potential for the otiabain conceintratioins and times examined. The threshold for change in restiing potential is 1 Fig. 11B shows that at a time when toxicity in the form of arrhythmia and AC has occurred, aKe is higher than control (6.0 mM). Fig. 12A shows a continuous record of aKe during a change in superfusate from one containing 0.1 ,uM ouabain to one containing 1 ,uM ouabain. No change in AeK from the control value had occurred during exposure to 0.1 ,uM ouabain. Fig. 5 demonstrated that the change from 0.1 to 1 ,uM ouabain has a large positive inotropic effect. The lack of change in VK or Vm traces in Fig. 12A implies no elevation alK at the time of positive inotropic effect. When the superfusate is changed to one containing 10 ,uM ouabain, however, a progressive increase in eK is evident, manifested by the upward movement of the VK trace.
Correlation of percentage cell volume with positive inotropic and toxic effects ofouabain. In Fig. 13 , percentage of cell volume measurements are shown during control, drug exposure, and washout periods for 10 nM (A) and 1 ,uM (B) ouabain in two separate muscles. At neither drug concentration has cell volume been affected. At the far right (A and B) are shown the transpartition voltage drops with muscles absent from the partition hole. From these measurements the percentage of cell volumes for the muscles are 70.2% (A) and 71.1% (B), respectively.
DISCUSSION
Pump stimulationlinhibition in relation to positive inotropic effect. The mechanism of positive inotropic effect of cardiac glycosides is unresolved, but major attention continues to be given to the idea that changes in intracellular ionic composition either through Na-K pump stimulation or inhibition are responsible. Hajdu and Leonard (25) advanced the early proposal that net losses of cellular potassium are a prerequisite for the positive inotropic effect of glycosides. Langer and Serena (9) later showed that in rabbit ventricular muscle, positive inotropy is always associated with cellular gains of sodium and losses of potassium and went on to attribute mechanistic significance to the gains in sodium. Muller's (8) results in cow ventricular muscle reinforce Langer's without necessarily supporting his interpretations. Most recently, in a study of sheep Purkinje fiber, Eisner and Lederer (26) always found a decrease in an electrogenic pump current attributed to the Na-K pump at times of positive inotropic effect of strophanthidin. All these workers' results indicate Na-K pump inhibition at the time of positive inotropic effect. Other advocates of this hypothesis (2, 13) have emphasized that pump inhibition need not be reflected in altered intracellular milieu because of a reserve pool of Na-K pumps that may exist (4) .
In many other studies, evidence points to Na-K pump stimulation at the time of onset of positive inotropy. Noack et al. (3) found an increase in [K] i at the time of positive inotropy in guinea pig atria. RuizCeretti et al. (10) showed that a similar effect occurs in rabbit ventricles. Godfraind (27) (28) (29) (30) showed that low concentrations of ouabain and digoxin that increase contractile force also stimulate 42K uptake by and Na content of guinea pig atria. In sheep Purkinje fibers, 0.1 M ouabain produced depletion of cleft potassium as judged from reversal potential for the iK2 current, again suggesting pump stimulation (20 The indices of Na-K pumilp f'unctioll examined in this study are a, and a'. These indices have certain advantages over the kinetic indices from tracer flux studies (9) or l)iochemical indlices from enzyme isolatioIn studies (31) . In particular, all tracer flux technii(Ites rely oIn compartmental models that often fail to r-eflect the known morphological coomplexity of cardiac tissue (32) . Enzyme isolatioin studies, on the other hand, uiniavoidably disrupt the membrane environment that may b)e iinportant in the pumpinig mechanism.
Measurements of' ae and ak are relatively free of these problems, but they have their ownv dlisadvantages.
Measuremiienits of' a'i may be distorte(d (lowered) by electrodle-iinduiced cell damage (21) . In meeasturemiieints of a', the sensitivity will be blunmted by the unavoidable distortion of' the spaces by the electrode tip. In additioni, if'cells in the vicinity of'the tip) are killed, a buffer zoine will be created between the truie extracellular space It is within the context of these limitations that we interpret our measurements to favor the independence of positive inotropic effect of ouabain from inhibition of cellular Na-K pump rate. Unmistakable increases in contractile force were observed at a time when aeK had not increased nor a' decreased. This interpretation is compatible, however, with the inhibition of particular Na-K pumps on the cell membrane, since a reserve pool of pumps may exist (4, 33) . Our results at higher ouabain concentrations agree with those of others in showing that larger positive inotropic effects do accompany inhibition of cellular Na-K pump rate. For the ouabain concentrations we sampled, the greater positive inotropy associated with pump inhibition was always associated with toxicity. Others, however, have reported positive inotropic effects associated with inhibition in rate of cellular Na-K pumping and without evidence of toxicity (13) . Our results also agree with those Qf other in vitro studies in finding a positive inotropic effect without toxicity of ouabain concentrations that are clearly toxic in intact animals (34) .
Our results also favor independence of positive inotropic effect from stimulation of cellular Na-K pump rate. The evidence to support this statement is necessarily weaker, because the reported stimulatory effects of glycosides have been small and sometimes transient. Nevertheless, we never saw a decrease in eK to support a hypothesized Na-K pump stimula- Our results support mechanisms of positive inotropic effect that are independent of Na-K pump effects (24, 33, 37) or which feature perturbations of Na-, K pump rate within single cardiac cycles, but not in pump rate averaged over many cardiac cycles (38) . Of particular interest is the increase in slow inward current found by Weingart et al. (24) (3, (28) (29) (30) , whereas ventricular muscle is reported to consistently lose potassium (8, 9) . In none of these studies was the drug effect on cell volume addressed, making predictions of iK changes based on the potassium content results indeterminate (21) . Another confounding variable making extensive comparisons difficult are the well-known species-dependent differences in the effects of ouabain (48) . For these reasons we have confined our comments to the two previous studies involving ventricular muscle (8, 9) . Concomitants of ouabain toxicity. The diverse electrical and mechanical manifestations of ouabain toxicity develop sequentially, signal different degrees of severity, and may have independent mechanisms. We have looked at onset of automaticity and toxic staircase, decrease in APD and resting potential, and onset of inexcitability and contracture and have correlated these events with the simultaneous drug effects on ak, cK, and cell volume. The earliest sign oftoxicity was the appearance oftriggered automaticity. Because right ventricular papillary muscles contain tracts of subendocardial and isolated deeper Purkinje cells (49) , and because Purkinje cells are more susceptible to glycoside toxicity than ventricular cells (50) , it seems reasonable to ascribe this early toxic phase to ouabain's action on these cells. Consistent with this interpretation is the finding that a' is unchanged in ventricular cells at this time and ae unchanged as well. Positive inotropic effects, however, were always apparent at the time of these arrhythmias.
Toxicity to ventricular muscle cells appeared at a concentration of 1 uM ouabain and was heralded by several signs that developed together. Electrically, aeK rose, aK and resting potential fell, and APD decreased. Mechanically, a characteristic toxic staircase response to repetitive stimulation developed simultaneously with the ability to elicit AC. The electrical changes are internally consistent, because either or both a decrease in a' and increase in oa, will depolarize the cell and because increases in CeK reduce APD (51) . Moreover, they resemble the changes seen in these quantities in Purkinje fibers exposed to toxic, although lower, concentrations of ouabain (52) . Our contractile force measurements place the mechanical signs of toxicity in temporal relation to other toxic signs, but no new insights into mechanism are reached. The last and most severe signs of toxicity are electrical inexcitability of the preparation and mechanical contracture. Inexcitability appeared at a lower concentration (1 ,uM) of ouabain than did contracture (10 ,uM), but both signs always occur after a' and resting potential have substantially decreased and eK increased.
In summary, our results support the idea that the manifold effects of cardiac glycosides, both subtoxic and toxic, are mediated through several mechanisms that have distinct concentration thresholds. Action potential prolongation first develops at 10 nM ouabain and a positive inotropic effect at 0.1 uM ouabain, among the concentrations of ouabain tested. A change in a' is not an inevitable concomitant of positive inotropic effect. Of the ouabain concentrations we tested, the lowest inhibiting Na-K pump function (1 am) always produced toxicity. A sequence of electrical and mechanical toxic signs is discernible and correlates reproducibly with effects on a' and aK.
